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Abstract—This paper investigates the maximum throughput
for a rechargeable secondary user (SU) sharing the spectrum with
a primary user (PU) plugged to a reliable power supply. The SU
maintains a finite energy queue and harvests energy from natural
resources and primary radio frequency (RF) transmissions. We
propose a power allocation policy at the PU and analyze its
effect on the throughput of both the PU and SU. Furthermore,
we study the impact of the bursty arrivals at the PU on the
energy harvested by the SU from RF transmissions. Moreover,
we investigate the impact of the rate of energy harvesting from
natural resources on the SU throughput. We assume fading
channels and compute exact closed-form expressions for the
energy harvested by the SU under fading. Results reveal that
the proposed power allocation policy along with the implemented
RF energy harvesting at the SU enhance the throughput of both
primary and secondary links.
Index Terms—Cognitive radio, energy harvesting, RF trans-
missions, queues, Bernoulli process, Poisson arrivals.
I. INTRODUCTION
Power supply is considered a crucial aspect affecting the
performance of wireless communication systems especially for
portable nodes [1], [2]. Traditionally, portable/mobile wireless
nodes are battery-based, i.e., operate with energy supply from
a battery. These batteries have limited storage capacity and
frequently need to be recharged or replaced [2]. In the last
few years, radio frequency (RF) energy harvesting technology
has been developed. Such technology is able to supply energy
to wireless nodes through the conversion of RF energy to
direct current (DC) energy. The authors of [3] report RF-to-
DC conversion efficiencies above 0.4% at -40 dBm, above
18.2% at -20dBm and over 50% at -5 dBm RF signals. There
are expectations on the improvement of both the sensitivity
of energy harvesting circuits and the conversion efficiency
in the near future [2]. Consequently, the use of RF energy
harvesting technology has been gaining increasing world-wide
interest. In addition, compared with other forms of energy
harvesting (e.g., solar, wind and acoustic noise), RF energy
harvesting provides relatively predictable energy supply. The
amount of RF harvested energy depends on the wavelength of
the harvested RF signal and the channel and distance between
an RF energy source and the harvesting device [4].
Several works have considered nodes with energy harvesting
capability, e.g., [5]–[10]. Various energy sources, such as light,
vibration or heat are available to be harvested [11]. In [5],
Hoang et al. studied the optimal policies for a cognitive node.
The problems of throughput maximization and mean delay
minimization for single-node communication were considered
in [6]. Using a finite horizon setup, the authors of [7] addressed
the energy allocation for the maximization of the throughput.
Energy harvested from ambient natural energy resources,
i.e., wind and solar energy, has got wide attention [12]–[17].
The statistics of energy arrivals are assumed to follow certain
random processes. For instance, the authors of [12]–[14], [16],
[17] assume Bernoulli energy arrivals. However, the authors
of [18] assume Poisson arrivals. The authors of [4], [19]–
[22] consider energy harvesting from RF transmissions. In
particular, it is assumed that nodes can harvest energy from
the transmissions of nearby nodes. Recently, the availability
of free RF energy has increased due to the advent of wireless
communication and broadcasting systems [19]. Radio waves
are ubiquitous in our daily lives in form of signal transmissions
from TV, radio, wireless local area networks (LANs) and
mobile phones.
Powering a cognitive radio network through RF energy
harvesting can be efficient in terms of spectrum usage and
energy limits for wireless networking [2], [20], [21]. In cog-
nitive radio networks with RF energy harvesting capability,
secondary users (SUs) harvest energy from RF signals induced
from the nearby RF sources, e.g., primary users (PUs), cellular
base stations and other ambient RF sources. Such RF signals
can be converted into DC electricity. The converted energy can
be stored in an energy storage and used to operate the devices
and transmit data. The SUs spend that energy for their own
data transmission. Recent literature on RF-powered cognitive
radio networks mainly focuses on investigating throughput
maximization under various constraints. The authors of [22]
consider an RF energy harvesting-enabled cognitive radio sen-
sor networks. The total consumed energy should not be greater
than the total harvested energy. This condition represents
an energy casuality constraint. An optimal mode selection
policy is proposed to balance the immediate throughput and
harvested RF energy in transmitting and harvesting modes,
respectively. The authors in [21] assume that mobile nodes
in a cognitive radio network opportunistically either harvest
energy from RF transmissions of nearby devices in a primary
network, or transmit data if the secondary nodes are not in
the interference range of any PU. The secondary network
throughput is maximized via obtaining the optimal transmit
power and density of the secondary transmitting terminals
under an outage-probability constraint.
In this work, we consider a mixture between RF energy
harvesting and energy harvested from natural resources in the
surrounding environment. We assume a simple configuration
composed of one energy harvesting SU and a PU. The SU
collects energy from nature and converts energy from the PU’s
RF transmissions. We assume fading channels and propose a
power allocation policy at the PU. We investigate the impact
of the proposed power allocation policy on the throughput
of both primary and secondary links. Results reveal that the
throughput of both PU and SU is enhanced under the proposed
power allocation and RF energy harvesting techniques.
The rest of this paper is organized as follows. The system
model under consideration is described in Section II. Energy
harvesting employed at the SU is studied and analyzed in
Section III. Section IV presents the proposed transmission
policy adopted by the SU along with its throughput analysis.
Numerical results are presented in Section V. Finally, conclud-
ing remarks are drawn in Section VI.
II. SYSTEM MODEL
Fig. 1 shows the system model under consideration. We
consider a simple cognitive network composed of one PU (p)
plugged to a reliable power supply and one SU (s) equipped
with energy harvesting capability. The PU transmits its packets
to a primary destination (pd), while the intended destination
for SU packet transmissions is sd. Each user has its own
infinite-length data queue (buffer) to store the incoming data
traffic. We denote the primary and the secondary data queues
as Qp and Qs, respectively. The SU maintains another queue
denoted by Qe which stores fixed-length energy packets. An
energy packet is assumed to contain e energy units. Qe
has a limited capacity of Emax packets. Thus, it contains
Emaxe energy units at maximum. We assume fixed-length data
packets of size β bits.
Time is slotted and the transmission of a packet takes
exactly one time slot of duration T seconds. The arrivals at
the primary queue, Qp, are assumed to be independent and
identically distributed across time slots following a Bernoulli
process with mean λp ∈ [0, 1] packets/slot. We assume that
the secondary data queue is saturated with packets. This
means that the SU is backlogged with data. The SU harvests
energy from the primary RF transmissions and from the
environment (nature), e.g., solar, wind, etc. The arrivals to
Qe due to environmental energy harvesting are assumed to be
distributed according to a Poisson process with rate λe energy
packets/slot. For secondary data transmissions, we assume that
multiple energy packets may be used for a single data packet
transmission. The PU has the priority to transmit if Qp is
non-empty, whereas the SU transmits a packet from Qs if Qe
maintains at least G energy packets and the PU is inactive.
Whenever it transmits, the PU utilizes the whole time slot
sd
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Fig. 1. Cognitive radio network under consideration. Ap is the number of
primary data packet arrivals in a given time slot. HRF and HN are the number
of energy packets harvested from RF and natural resources, respectively.
duration for its data transmission. However, the SU performs
spectrum sensing for a duration of τ < T seconds to detect the
PU’s activity. We do not consider erroneous sensing outcomes.
For similar assumption of perfect channel sensing, the reader
is referred to [16], [23], [24].
The channel between every transmitter-receiver pair ex-
hibits frequency-flat Rayleigh block fading, i.e., the channel
coefficient remains constant for one time slot and changes
independently from a slot to another. We denote the gain of
the channel between transmitter i and receiver ℓ at the tth time
slot by hiℓ(t)1. According to the Rayleigh fading assumption,
hiℓ(t) is exponentially distributed with mean σiℓ. All links are
statistically independent.
The PU adopts a power allocation scheme in which it
selects its transmission power level each time slot based on the
channel realization between its transmitter and the destination.
For the link p → pd, we assume perfect channel state
information at the transmitter side (CSIT). The transmit power
is assumed to be continuous over the set P = [0, PM], where
PM is the maximum transmit power constraint per time slot
and is dependent on the application and the used transceiver.
If the primary direct link is in a deep fade such that the
maximum power, PM, cannot overcome the link outage, the
PU remains idle during the whole time slot to avoid wasting its
energy without adding further contribution to its throughput.
An outage occurs on the link p → pd when the transmission
rate exceeds the link capacity. The probability that an outage
occurs on that link in the tth time slot is given by
Pppd(t) = Pr
{
Rp > log2
(
1 +
Pp(t)hppd(t)
N◦W
)}
(1)
where Pr{·} denotes the probability of the event {·}, Rp =
β/T/W bits/second/Hz is the targeted primary spectral effi-
ciency, Pp(t) is the average transmit power in Watts used by
1We refer by the channel gain to the absolute squared value of the channel
fading coefficient.
the PU in time slot t, N◦ is the additive white Gaussian noise
(AWGN) power spectral density in Watts/Hz and W is the
channel bandwidth in Hz. It is worth noting from (1) that the
minimum power required to guarantee a successful primary
transmission in time slot t, i.e., no outage occurs on the link
p→ pd, is given by
P ∗p (t) =
N◦W (2
Rp − 1)
hppd(t)
. (2)
Hereafter, we omit the temporal index t for simplicity. Nev-
ertheless, it is implicitly understood that power allocation at
the PU is performed on a slot-by-slot basis. The PU sets
its transmission power level according to (2) and PM. If
P ∗p > PM, the PU remains silent. It is worth noting that
as the instantaneous channel gain, hppd, decreases, the power
level used by the PU increases. This potentially increases the
amount of RF energy harvested by the SU. However, as hppd
decreases, this also increases the probability of the PU being
idle which in turn reduces its throughput and might result in
increasing the availability of time slots in which the SU can
transmit. Therefore, this point arises a fundamental tradeoff
between the throughput of both the PU and SU which is
studied in details in the context of the paper. Interestingly,
results reveal that the throughput of both users could be
enhanced simultaneously.
III. ENERGY HARVESTING
In this section, we study and analyze the arrivals of energy
packets to Qe as a result of harvesting energy from primary RF
transmissions as well as from natural resources. We lay down
the basis of the probabilistic energy arrivals model based on
which the analysis in the rest of the paper is performed.
A. RF energy harvesting
The one and only source of RF energy harvesting considered
in this paper is the transmission of PU’s packets. Therefore,
to analyze the impact of these transmissions on the amount
of harvested energy by the SU, we start with studying the
behavior of the PU. The SU accesses the channel when the
PU is inactive. This occurs in two cases. 1) Qp is empty; or
2) Qp is non-empty but P ∗p > PM. Thus, the probability of
the PU being inactive is given by
Π=Pr{Qp = 0}+Pr{Qp 6=0}Pr{P
∗
p > PM}
=1−Pr{Qp 6= 0}(1− Pr{P
∗
p >PM}).
(3)
We first compute Pr{P ∗p > PM}. It is given by
Pr{P ∗p > PM} = Pr
{
N◦W (2Rp − 1)
hppd
> PM
}
. (4)
Since hppd is exponentially distributed, we have
Pr{P ∗p > PM} = 1− exp
(
−
N◦W (2Rp − 1)
PMσppd
)
. (5)
The mean service rate of the primary queue, µp, is equal
to the probability that the link p → pd is not in outage.
Therefore, µp is given by
µp = Pr{P
∗
p ≤ PM} = exp
(
−
N◦W (2Rp − 1)
PMσppd
)
. (6)
If Qp is stable, i.e., λp < µp, the probability of the queue
being empty is given by
Pr{Qp = 0} = 1−
λp
µp
. (7)
However, if Qp is unstable, i.e., λp ≥ µp, the queue is always
saturated with data packets and hence, the probability of the
queue being empty is 0. Combining both cases, the probability
of the primary queue being empty is given by
Pr{Qp = 0} = 1−min
{
λp
µp
, 1
}
. (8)
Thus, the probability of the PU being inactive is given by
Π = 1−min
{
λp
µp
, 1
}
µp (9)
where µp is given by (6). Consequently, the throughput of the
PU is given by
Π = min
{
λp
µp
, 1
}
µp. (10)
where the notation X = 1−X is used throughout the paper.
The received power at the SU due to the primary transmis-
sion, when the PU is active, is given by
P ∗phps =
N◦W (2
Rp − 1)
hppd
hps (11)
with P ∗p ≤ PM. Received signals from primary transmissions
at the SU is converted into energy packets with an RF-to-DC
conversion efficiency η ≤ 1. From (11), it is obvious that
the amount of energy harvested by the SU depends on the
quality of the links between the PU and SU and the PU and
its destination, i.e., p → s and p → pd. Another interesting
observation is the dependence of the harvested energy on
the burstiness of the primary source. Specifically, more data
packets at the PU increases the possibility of transmission and
hence, increases the possibility of harvesting energy at the SU.
However, this comes at the expense of lowering the possibility
of finding available time slots in which the SU can transmit.
Since one energy packet contains e energy units, the number
of energy packets harvested by the SU when the PU is active
in a time slot is given by
HRF =
⌊ηN◦W (2Rp−1)
hppd
hpsT
e
⌋
(12)
where ⌊·⌋ is the largest integer not greater than the argument.
Therefore, when the PU transmits in a given time slot, the
probability that the SU harvests n energy packets is given by
Pr{HRF=n}=Pr

n ≤
ηN◦W (2
Rp−1)
hppd
hpsT
e
< n+ 1


(13)
with hppd ≥ a = N◦W (2
Rp−1)
PM
. This condition on hppd
originates from the power allocation policy employed at the
PU. From (13), Pr{HRF=n} can be written as
Pr
{
ne
ηN◦W (2Rp − 1)T
≤
hps
hppd
<
(n+ 1)e
ηN◦W (2Rp − 1)T
}
.
(14)
Let α = e
ηN◦W (2
Rp−1)T
. We solve (14) to obtain a closed-
form expression for the probability of harvesting n packets
through primary RF transmissions. We get
Pr{HRF=n} = F ((n+ 1)α)− F (nα) (15)
where the function F (·) is derived in Appendix A.
B. Energy harvesting from natural resources
The energy packets harvested from nature are assumed
to follow a Poisson process with rate λe [18]. Thus, the
probability of harvesting k energy packets in a given time
slot is given by
Pr{HN = k} =
(λeT )
k exp(−λeT )
k!
. (16)
Note that the number of harvested packets from any of the
sources cannot be negative; hence, P ′n = P ′′n = 0 for all
n ∈ {−∞, . . . ,−2,−1}.
C. Combining nature and RF energy harvesting
When the PU is inactive, the energy packet arrivals at Qe
comes from natural resources only. Thus, the probability of
harvesting n packets of energy from nature is given by
P ′n = Pr{HN = n}. (17)
However, when the PU is active, the probability of harvesting
n packets of energy from both the PU’s transmission and
natural resources in an arbitrary time slot is given by
P ′′n =
∞∑
k=0
(
n
k
)
Pr{HN = k}Pr{HRF = n− k}. (18)
where
( n
k
)
denotes n choose k. Note that the joint probabil-
ities in (18) are the multiplication of the marginal probabilities
due to the independence of the two energy sources, i.e., RF
and natural energy sources.
The energy queue evolves as follows:
Qt+1e = (Q
t
e −D
t
e)
+ +HtRF +H
t
N (19)
where (·)+ returns the maximum between the argument and
0, Dte is the number of departures from the energy queue in
time slot t, HtRF is the number of harvested energy packets
from the primary transmission in time slot t, and HtN is the
number of energy harvested from nature in time slot t.
IV. PROPOSED TRANSMISSION POLICY AND SU
THROUGHPUT ANALYSIS
Whenever the SU transmits a data packet, it uses
G ∈ {1, 2, 3, . . . , Emax} energy packets. This means that
once that number of packets is available at the energy queue
and at the same time the PU is inactive, they are dissi-
pated. Clearly, as the number of energy packets invested in
a secondary data packet transmission increases, i.e., as G
increases, the probability that sd successfully decodes that
packet increases. However, increasing G depletes Qe faster.
Therefore, we need to choose the optimal value of G that
maximizes the SU throughput.
Let χm denote the probability of the energy queue being in
state m ∈ {0, 1, . . . , Emax}. Therefore, it can be easily shown
that the mean service rate of the energy queue is given by
µe = GΠ
Emax∑
j=G
χj (20)
where Π is given by (9). The SU transmits with fixed energy
Ge energy units. Each time slot, it senses the channel for τ
seconds and transmits only if the channel is sensed to be free.
Thus, its transmission spectral efficiency is Rs = b/Ts/W
bits/second/Hz, where Ts = T − τ . The probability of success
of a secondary data packet transmission, i.e., the link s→ sd
is not in outage, is given by
Pssd,G = exp
(
−N◦W (T − τ)
(2Rs − 1)
Geσssd
)
. (21)
As indicated earlier, Pssd,G is monotonically increasing with
the transmit energy, Ge.
A packet from the secondary data queue is served when
the PU is inactive, the secondary link is not in outage and
the secondary energy queue maintains G energy packets. The
throughput of the SU is then given by
µs = ΠPssd,G
Emax∑
j=G
χj . (22)
The maximum SU throughput is obtained via solving the
following optimization problem:
max .
G∈{1,2,...,Emax}
µs = ΠPssd,G
Emax∑
j=G
χj . (23)
Π and Pssd,G have already been determined by (9) and (21),
respectively. Thus, it now remains to compute the steady state
distribution of the energy queue, i.e., {χj}∞j=G , to completely
characterize the SU throughput for a given value of G, given
by (22). Towards this objective, we model the evolution of
the energy queue with a Markov chain. The probability of
transition from state j to state k, denoted by Pj→k , is
• For k < Emax,
1) at j < G,
a) if k < j,
Pj→k = 0 (24)
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Fig. 2. SU throughput versus λp for different values of η and Emax.
b) if k ≥ j,
Pj→k = ΠP
′
k−j +ΠP
′′
k−j (25)
2) at j ≥ G,
a) if k < j − G,
Pj→k = 0 (26)
b) if k ≥ j − G,
Pj→k = ΠP
′
k−(j−G) +ΠP
′′
k−j . (27)
• For k = Emax,
1) at j < G,
Pj→k = Π

 ∞∑
n=k−j
P ′n

+Π

 ∞∑
n=k−j
P ′′n


= Π
[
1−
k−j−1∑
n=0
P ′n
]
+Π
[
1−
k−j−1∑
n=0
P ′′n
]
(28)
2) at j ≥ G,
Pj→k = Π

 ∞∑
n=k−(j−G)
P ′n

+Π

 ∞∑
n=k−j
P ′′n


= Π

1− k−(j−G)−1∑
n=0
P ′n

+Π
[
1−
k−j−1∑
n=0
P ′′n
]
.
(29)
The (Emax + 1) × (Emax + 1) transition probability ma-
trix, denoted by Ω, is constructed according to the above
description. Then, the 1×Emax steady state distribution vector
χ = [χ0, χ1, . . . , χEmax ] is obtained through solving
χ = χΩ. (30)
V. NUMERICAL RESULTS
In this section, the system performance is evaluated in terms
of the SU throughput under the proposed transmission policy.
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Fig. 3. Primary and secondary throughput versus σppd.
Specifically, we investigate the effect of the following factors
on the achievable throughput for the secondary link s→ sd;
1) We study the impact of the bursty arrivals at the PU’s
queue on the SU throughput.
2) We analyze the dependence of both primary and sec-
ondary throughput on the quality of the direct link be-
tween the PU and its destination, i.e., we focus on the
role of the power allocation policy employed at the PU.
3) We show how each energy harvesting technique em-
ployed at the SU influences its throughput, i.e., we
investigate the effect of harvesting energy from natural
resources and PU’s RF transmissions individually. Then,
we combine both energy harvesting techniques to enhance
the secondary throughput.
4) The roles of the maximum capacity of the energy queue,
Emax, energy packets’ arrival rate at Qe, λe, and RF-to-
DC conversion efficiency, η, are highlighted.
We show our results at a fixed packet-length of β = 103
bits. Time slot duration T is set to 1 second, while the sensing
duration τ = 0.1 second. We note that 10% of the time slot
is used by the SU to perform sensing which to some extent
justifies the assumption of perfect sensing. Channel bandwidth
W = 1 KHz. The noise power spectral density N◦ = 10−6
Watts/Hz. We assume that an energy packet contains 10−3
joules, i.e., e = 10−3 joules. The maximum power constraint
imposed at the PU PM = 10 dBm unless otherwise stated.
The variances of both links p → s and s → sd are set to
unity, i.e., σps = σssd = 1. However, we consider σppd = 0.5.
In Figs. 2 and 3, we demonstrate the effect of RF energy
harvesting on the system performance. We consider a sce-
nario in which the SU harvests energy from the PU’s RF
transmissions only, i.e., λe = 0. We study the effect of the
packet arrival rate at Qp, λp, on the maximum achievable
SU throughput. Towards this objective, we plot in Fig. 2 the
maximum SU throughput versus λp. Interestingly, we observe
that the SU throughput is initially enhanced as λp increases.
However, this behavior is reversed as λp continues to increase
until the secondary throughput saturates as λp ∈ [µp, 1].
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Fig. 4. SU throughput versus λp for different energy harvesting techniques.
What happens beyond the scene goes as follows. Initially, as
λp increases, the PU transmits more frequently and hence,
the amount of energy harvested by the SU due to primary
RF transmissions increases. Thus, the SU possesses enough
energy for its prospective transmissions which enhances its
throughput. However, as λp continues to increase, the SU
suffers from the lack of available time slots in which it can
transmit, i.e., slots in which the PU is inactive. This becomes
the dominant factor reducing the throughput of the SU even
though it has enough amount of energy. As λp exceeds µp,
the PU’s activity no longer depends on λp since its queue
becomes backlogged. From (10), we know that Π = µp which
is a constant number independent of λp. Therefore, the effect
of λp on the SU throughput in the interval λp ∈ [µp, 1] is
neutralized and the secondary throughput saturates as shown
in Fig. 2.
Furthermore, we depict the impact of RF-to-DC conversion
efficiency on the SU throughput via plotting the results for
different values of η in Fig. 2. Obviously, the SU throughput
is enhanced as η increases. Moreover, we notice from Fig. 2
that increasing the capacity of the SU’s battery, i.e., Emax,
enhances its throughput. These results are intuitive and match
our expectations.
We proceed next with studying the power allocation policy
employed at the PU and how it affects the throughput of
both primary and secondary links. As explained in Section
II, the PU’s transmit power depends on the quality of the
link between itself and its destination, i.e., σppd. In Fig. 3,
we remain focusing on the case of RF energy harvesting
via setting λe = 0. We plot the throughput of both the PU
and SU versus σppd for η = 0.6, λp = 0.4, Emax = 10
energy packets and PM = 1.76 dBm. As expected, the PU’s
throughput is a monotonically increasing function of σppd.
From (10), we note that µp increases as σppd increases. Thus,
when µp > λp, the PU throughput saturates at λp = 0.4. On
the other hand, the SU throughput is enhanced initially as σppd
increases. This is attributed to the increase in the frequency
of primary RF transmissions and hence, the amount of energy
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Fig. 5. SU throughput versus λp for different values of λe and Emax.
packets harvested by the SU increases resulting in enhancing
its throughput. However, as σppd continues to increase, the
behavior of the SU throughput is reversed. This originates
from the adaptive power allocation policy employed at the
PU. As the quality of the link p → pd is enhanced, the PU
can guarantee successful packet transmissions at lower average
power levels. Thus, as the PU reduces its transmission power,
the amount of energy harvested by the SU is reduced yielding
the reduction in its throughput.
In Fig. 4, we show the resulting SU throughput for different
energy harvesting scenarios at Emax = 6 energy packets. We
consider each energy harvesting technique independently, i.e.,
natural resources and RF energy harvesting, then we combine
both of them. The case of harvesting energy from natural
resources only corresponds to η = 0. Since the amount of
energy harvested from natural resources is independent of
the PU’s activity, the energy packets arrivals at Qe does not
change as λp varies. Therefore, the SU throughput changes
with λp only due to the variation of the availability of time
slots in which the PU is inactive. Consequently, SU throughput
decreases as λp increases which is evident from Fig. 4. On the
other hand, Fig. 4 shows the SU performance under RF energy
harvesting only, i.e., λe = 0, that has already been explained
in the comments on Fig. 2. Finally, from Fig. 4, we can notice
the performance gain originating from combining both energy
harvesting techniques.
In Fig. 5, we investigate the dependence of the SU through-
put on energy packets’ arrival rate at Qe, λe, and the maximum
capacity of Qe, Emax, at η = 0.2. We note that the SU
throughput is enhanced as both λe in energy packets/slot and
Emax in packets increase. This is attributed to the increase
in the availability of energy at the SU required to support its
packets transmission.
VI. CONCLUSION
In this work, we have investigated the maximum achievable
throughput for an SU sharing the spectrum with a PU. The
SU has a limited-capacity battery and is equipped with en-
ergy harvesting capability. We assume that the SU harvests
energy from primary RF transmissions as well as through
natural resources. The obtained results reveal the promises of
employing RF energy harvesting. We have showed that the
SU throughput can be enhanced as the arrival rate to the
primary queue increases. This is attributed to the increase
in the amount of energy that the SU harvests from primary
RF transmissions. Thus, we conclude that a win-win scenario
can be approached in which the performance of both users is
enhanced simultaneously.
APPENDIX A
For simplicity, we define new variables with which we
proceed in the derivation. Let X = hps, Y = hppd and
Z = X/Y . The first step towards solving (14) requires the
computation of F (z) = Pr{Z ≤ z, Y ≥ a} for an arbitrary
z ≥ 0. After some manipulation, we have
F (z) =
∫ ∞
a
∫ zy
0
PX,Y (x, y)dxdy (31)
where PX,Y (·, ·) denotes the joint probability density func-
tion (PDF) of X and Y . Since X and Y are independent
random variables, their joint PDF is given by the product of
their marginal distributions, i.e., PX,Y (x, y) = PX(x)PY (y).
Following the Rayleigh fading assumption, we know that
PX(x) = λx exp(−xλx) and PY (y) = λy exp(−yλy), where
λx and λy are given by 1/σps and 1/σppd, respectively.
Substituting in (31) and solving the double integral, we get
F (z)=
∫ ∞
a
∫ zy
0
λx exp(−λxx)λy exp(−λyy)dxdy
=
∫ ∞
a
λxλy exp(−λyy)
∫ zy
0
exp(−λxx)dx
=λxλy
∫ ∞
a
exp(−λyy)
[exp(−λxx)
−λx
]zy
0
dy
=λy
∫ ∞
a
exp(−λyy)
[
1− exp(−λxzy)
]zy
0
dy
=λy
∫ ∞
a
exp(−λyy)−exp(−y[λy+λxz])dy
=
[
− exp(−λyy)+
λy
λy+λxz
exp(−y[λy+λxz])
]∞
a
= exp(−λya)
[
1−
λy
λy+λxz
exp(−aλxz)
]
.
(32)
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